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the phase transition temperature of bulk α-CsPbI3. Furthermore, we demonstrated that incorporating highly
complexing solvents into the precursor solution promotes the formation of intermediate phases within the
thin film, slowing down LHP crystallite nucleation, eventually resulting in improved phase purity. Reducing
decomposition rates through combined use of solvent complexes and thermal processing methods, we
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ABSTRACT: Assembling halide perovskites into layered structures holds promise for addressing chemical and phase stability chal-
lenges; however, several other challenges need to be addressed to create efficient and stable halide perovskite devices. Layered halide 
perovskites (LHPs) suffer from broad distribution of layer thicknesses and bandgaps within thin films. Reducing polydispersity could 
substantially improve charge transport within LHP films and the performance of LHP-based solar cells. Herein, we focused on lay-
ering α-CsPbI3 ((C4H9NH3)2Csn-1PbnI3n+1) thin films. We found that (C4H9NH3)2Csn-1PbnI3n+1 with nominal layer thicknesses of n = 1, 
2, 3, and 4 can be deposited at temperatures as low as 100 °C, substantially below the phase transition temperature of bulk α-CsPbI3. 
Furthermore, we demonstrated that incorporating highly complexing solvents into the precursor solution promotes the formation of 
intermediate phases within the thin film, slowing down LHP crystallite nucleation, eventually resulting in improved phase purity. 
Reducing decomposition rates through combined use of solvent complexes and thermal processing methods, we fabricated 
(C4H9NH3)2CsPb2I7 films that had improved phase purity, crystallinity, and film morphology. We also demonstrate that the photolu-
minescence had a maximum intensity corresponding to the targeted n = 2 phase. This work represents a step towards highly stable 
LHP thin films with narrow site-energy distribution.
INTRODUCTION 
Lead (Pb) halide perovskites have excellent optoelectronic 
properties1-4 and have demonstrated extraordinary laboratory-
scale performance in a variety of optoelectronic applications. 
This high performance combined with their potential for low-
cost processing makes Pb-halide perovskites appealing for fu-
ture electronic and photonic applications.5-8 Hybrid Pb-halide 
perovskites, with the chemical formula of ABX3, have Pb as a 
divalent B-site cation, halides as the X-site anion, and organic 
species as the A-site cation. Solar cells fabricated using halide 
perovskite absorber layers have demonstrated power conver-
sion efficiencies (PCEs) of 24.2%;9 however, their instability 
upon exposure to moisture, light, and heat has posed a challenge 
to commercializing these materials10-13 and has inspired re-
search focused on improving the stability of halide perovskite 
devices. One promising route to improving the moisture stabil-
ity has been the incorporation of hydrophobic bulky organic A-
site cations, which results in the formation of layered halide per-
ovskite (LHP) structures that are analogous to Ruddlesden-Pop-
per phases.14-16 The LHPs have a chemical formula of 
R’2Rn-1BnX3n+1, where R’, and R represent bulky and small 
A-site cations, B and X are as defined above, and n represents 
the number of corner-sharing metal halide (BX6)4- octahedra 
sheets that are sandwiched between R’ cations, assembling into 
two-dimensional sheets.14, 16-19 The inorganic sheets act as free-
standing quantum wells that are electronically insulated by 
bulky organic cations; this results in quantum confined-struc-
tures with thickness-tunable optoelectronic properties.14, 17 Var-
ious methods have been used to synthesize LHP single crystals 
and thin films,20-22 with proof-of-concept solar cells demonstrat-
ing ~15% PCE and improved stability against moisture.23-26  
Despite improvements in moisture stability through incorpora-
tion of bulky organic cations, many LHPs are synthesized with 
methylammonium (MA), which is a small cation used in high-
efficiency Pb-halide perovskites.27, 28 It has been shown that 
when perovskites containing MA are exposed to elevated tem-
peratures, CH3NH2 is evolved,10, 11, 29 destroying the desirable 
electronic properties.11, 13 This has motivated researchers to re-
place the MA cation with similarly-sized non-volatile inorganic 
cations such as Cs. However, the desired cubic perovskite phase 
of CsPbI3 (α-CsPbI3) is metastable at temperatures below 
~330°C,30-32 and readily transforms to a non-perovskite “yellow 
phase” (δ-CsPbI3) under ambient conditions.33-36 The instability 
of α-CsPbI3 poses a challenge for fabricating stable devices 
from α-CsPbI3. 
While bulk α-CsPbI3 is phase-unstable under ambient condi-
tions, there is growing evidence that size- and surface effects 
can alter the phase behavior of CsPbI3.34, 37-39 Eperon and 
2 
 
coworkers determined that α-CsPbI3 thin films with grain sizes 
on the order of 100 nm have enhanced stability.34 Colloidal 
nanocrystals of α-CsPbI3 are stable for at least several days.40 
These results demonstrate that nanostructuring can act as a route 
to stable α-CsPbI3 devices. Recently, there have been attempts 
to reduce the dimension of α-CsPbI3 by fabricating LHPs.41-44 
Despite some progress in stability, the layered 
R’2Csn-1PbnX3n+1thin films have had extremely broad distribu-
tions of the layer thickness in LHPs (i.e. a broad distribution in 
n). This broad distribution is expected to be detrimental to 
charge carrier transport by introducing a source of energy dis-
order and reducing the achievable open circuit voltage.45-48 
In this article, we demonstrate that the use of solvents with high 
complexation strength can result in intermediate phases that de-
compose slowly and achieve layered (C4H9NH3)2CsPb2I7 
(C4H9NH3 = BA) thin films with unprecedented stability and 
narrow distribution in layered perovskite phases. The strongly 
complexing solvents form solvent:iodoplumbate complexes 
that are visibly distinct intermediates that remain after 
spin-coating. This intermediate phase decomposes slowly, 
which is thought to slow nucleation of LHP crystallites during 
the processing of these LHP thin films. We demonstrate that 
processing conditions such as the solution temperature during 
deposition as well as the annealing conditions can impact the 
crystallinity and phase purity of these materials. We found that 
BA2CsPb2I7 thin films that were processed using a tetrahy-
drothiophene 1-oxide (THTO) solvent additive had superior 
phase stability, both at ambient conditions and at high relative 
humidity (RH). We also observed improvements in film mor-
phology when using highly-complexing solvent additives, in-
cluding a reduction in pinhole defects and an increase in grain 
sizes. We improved the monodispersity of these films by using 
a temperature ramping method during the annealing process. 
Furthermore, we found that the layered BA2CsPb2I7 thin films 
can be processed at substantially lower temperatures compared 
to bulk α-CsPbI3-based thin films, which could make this ap-
proach more suitable for applications where flexible or poly-
meric substrates are desired. 
RESULTS AND DISCUSSION 
To synthesize BA2Csn-1PbnI3n+1 (schematic in Figure 1a), stoi-
chiometric amounts of n-butylammonium iodide (BAI), PbI2, 
and CsI were dissolved in dimethylformamide (DMF) to a total 
salt concentration of 30 wt. %. It is established that thin films 
with a targeted value of n > 1 can undergo a structural dispro-
portionation into a broad distribution of n values;23, 24, 49, 50 thus, 
the targeted and actual layer thicknesses can differ from each 
other. Therefore, for clarification, we exclusively refer to “ntar-
get” as the product obtained from solutions containing stoichio-
metric amounts of precursors corresponding to the chemical 
formula BA2Csn-1PbnI3n+1, while “n” is used exclusively for the 
pure phase corresponding to a chemical formula of 
BA2Csn-1PbnI3n+1 (see Table S1, for details). 
The absorbance spectra of spin-coated films from precursors 
dissolved in DMF with ntarget = 1, 2, 3, and 4 all exhibit a char-
acteristic absorption peak at 511 nm (Figure 1b), which is at-
tributed to the first excitonic transition corresponding to n = 1.16 
Samples with ntarget ≥ 2 reveal substantial contributions from 
phases corresponding to 1 ≤ n ≤ 3. The absorption peaks at 548 
and 591 nm are attributed to n = 2 and 3, respectively, similar 
to previous reports on cesium and methylammonium lead io-
dide LHPs .24, 42 Furthermore, the broad absorption tail that ex-
tends nearly to the band edge of bulk α-CsPbI3 (~715 nm)31 in-
dicates that these samples also contain impurities of n ≥ 4. Pol-
ydispersity of LHP thin films has been well-documented in sev-
eral other reports of methylammonium lead iodide-based 
LHPs.23, 24, 50, 51 Thin films with high enough concentrations of 
Cs (ntarget ≥ 3) favor the formation of  δ-CsPbI3 and exhibit ab-
sorbance features that correspond primarily to n = 1, and δ-
CsPbI3. Because of the perceived challenge of synthesizing 
BA2Csn-1PbnI3n+1 with n ≥ 3, the focus in this article is films with 
ntarget = 2. 
 
 
Figure 1. a) Schematic of layered BA2Csn-1PbnI3n+1 (n = 1, 2, 3, and 
α-CsPbI3), and b) Absorbance spectra of ntarget = 1, 2, 3, and 4 thin 
films prepared from neat DMF with respective photographs. Ab-
sorbance spectra are calculated from transmittance spectra. 
In an initial effort to synthesize ntarget = 2 thin films with im-
proved phase purity, we studied the effects of solution temper-
ature. We found that dissolving the precursors in a warm (~65 
°C) DMF solution prior to spin-coating resulted in a substantial 
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increase in the intensity of the absorbance peak associated with 
n = 2 (see Figure S1). It is known that Cs salts have low solu-
bility in DMF,41 and the increased temperature could improve 
solubility of CsI during deposition, resulting in a more mono-
disperse compositional profile during spin-coating and encour-
aging crystallization of n = 2. Alternatively, heating could also 
affect the solvated PbI2 as it is known that PbI2 can exist as rel-
atively large colloidal particles in solutions of DMF; heating 
could potentially aid in the dissolution of these particles.52, 53 
Although heating the precursor solution increased the monodis-
persity, the absorbance spectra also featured substantial contri-
butions from the n = 1 and n = 3 phases. 
We hypothesized that the polydispersity could also arise from 
poor control over the nucleation and crystal growth during spin-
coating. It was found that slowing down the nucleation resulted 
in improved monodispersity in BA2MAn-1PbnI3n+1 LHPs.54 We 
sought to slow the nucleation and growth process in our system 
by adding complexing solvents to the precursor solutions that 
have high affinity towards Pb2+.55, 56 As a metric for complexing 
strength, we used the Gutmann donor number (DN),57 which 
has been used in previous studies to describe the effects of com-
plexation strength in MAPbI3.58 We chose multiple solvents 
with a high DN including dimethylacetamide (DMAC)), n-me-
thyl-2-pyrrolidone (NMP), N,N′-dimethylpropyleneurea 
(DMPU), dimethylsulfoxide (DMSO), and THTO ; (see Table 
1 for solvent properties). Although the DN is not determined for 
THTO, computational and experimental studies show that 
THTO has strong solvation and coordination ability54, 59, 60 with 
a DN similar to tetrathiourea (see Supporting Information for 
details). 
Table1: Solvent properties including DN, boiling point, and 
vapor pressure for DMF, and additive solvents. DN was 
adapted from61. 
These high DN solvents were added in different amounts in the 
precursor solution (See Table S2) and heated to 65 °C prior to 
spin-coating deposition which was followed by thermal anneal-
ing at 100 ± 5 °C. Samples prepared with neat DMF are referred 
to by “DMF-method”, while those prepared with multiple sol-
vents are referred to by the complexing solvent (e.g. 
THTO-method, NMP-method, etc.). It should be noted that in 
all methods, thin films were immediately thermally annealed 
after spin-coating unless stated otherwise. We observed that the 
inclusion of solvents with high DN in the solutions with ntarget = 
2 had a dramatic effect on the nucleation dynamics (see Movie 
S1). As shown in the Movie S2, NMP-method films with a 2:1 
molar ratio of NMP:Pb were transparent yellow immediately 
after spin-coating. Within 15 seconds of keeping the film at a 
temperature of 40 ± 5 °C, the film color transformed to dark 
red-orange. In contrast, THTO-method films with a 1:1 molar 
ratio of THTO: Pb underwent this transition much more slowly, 
transitioning from transparent yellow to light orange after ~10 
minutes at 40 ± 5 °C. It was observed that THTO-method films 
(Movie S3) needed longer time and elevated temperature for 
complete crystallization compared to DMF-method films 
(Movie S4). The observed difference in the transformation dy-
namics can be used to gain insight to the interplay of precursor 
decomposition, crystal nucleation, and growth processes. The 
rapid color change that occurs in NMP-method films implies 
that the precursor decomposes rapidly, forming a high density 
of nuclei on the substrate; supersaturation of nuclei promotes 
faster crystal growth within the film,62, 63 supporting faster 
growth in NMP-method films. In contrast, the slower color 
change that is observed in THTO-method films can be at-
tributed to slower crystal nucleation. It has been previously 
demonstrated that THTO can dramatically slow crystallite nu-
cleation in bulk and methylammonium lead iodide LHP thin 
films,54, 59 which is similar to what we visually observed in our 
films. The absorbance spectra (Figure 2a, and S2) of ntarget = 2 
thin films demonstrate that in all cases, using high DN solvents 
resulted in enhanced monodispersity; the characteristic peak for 
the n = 2 phase at 548 nm was enhanced, while the peaks cor-
responding to n = 1 and n = 3 phases were suppressed. All ntarget 
= 2 thin films were stable for at least eight months in a glovebox 
filled with N2.  When exposed to air, the phase stability of the 
ntarget = 2 thin films was found to depend on the choice of com-
plexing solvent used in the precursor solution. Films prepared 
with DMF- and DMAC-methods did not show high stability at 
ambient conditions at low RH. The thin films prepared by both 
methods turned to n =1 and δ-CsPbI3 after being exposed to RH 
of ~ 20-30 % (Figure S3) in 5 days, while other thin films were 
stable. In another sets of experiments, we exposed thin films to 
RH ~ 45%. By increasing RH, DMSO-method films also lost 
the stability in 5 days (Figure S4) and some small yellow spots 
appeared in NMP-method film. Films deposited by the 
NMP-method (which had the narrowest distribution in n of all 
our samples) almost completely transformed to a combination 
of δ-CsPbI3 and n = 1 after ~5 days at RH ~ 55%, while films 
prepared by the THTO-method consistently retained their phase 
under the same conditions (Figure 2b, and c). Top view scan-
ning electron microscopy (SEM) revealed that using the 
THTO-method resulted in more compact films with fewer pin-
hole defects (inset Figure 2d). In contrast, films processed using 
the NMP-method featured micron-sized isolated grains with 
large amounts of void space (inset Figure 2e). Cross sectional 
SEM images (Figure 2d, and e) indicate thicker, and more dense 
film morphology for THTO-method compared to 
NMP-method. The undesirable morphology of these films 
likely originates from the rapid and poorly-controlled crystalli-
zation process in thin films,62 which is in line with previous 
studies that demonstrate improved morphologies through the 
use of complexing solvents which form intermediate complexes 
that decompose slowly.54, 56, 58, 59, 64-66 We suspect that poor mor-
phology of films prepared using the NMP-method results in in-
filtration of atmospheric moisture, which is known to catalyze 
the phase transformation from α-CsPbI3 to δ-CsPbI3, resulting 
in lower stability.34 
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Figure 2: a) Absorbance spectra of ntarget = 2 thin films with opti-
mized molar ratio for THTO, NMP, DMSO, DMAC, and DMPU 
additives, b), and c) Stability test of ntarget = 2 at RH~ 55% with 1 
THTO: 1 Pb and 2 NMP: 1 Pb, respectively, d), and e) Cross sec-
tional scanning electron microscopy (SEM) of fresh ntarget = 2 thin 
films prepared with 1 THTO: 1 Pb, and 2 NMP: 1 Pb, respec-
tively.  Insets in d), and e) are top-view SEM images. Absorbance 
spectra are calculated from the transmittance spectra of thin films. 
To assess the stability of the films against moisture, we placed 
ntarget = 2 films fabricated with the THTO method in an environ-
ment containing different RHs (Figure 3). We exposed films for 
3 weeks to a RH of ~20%, after which the films were exposed 
to a RH of ~75%. Absorbance spectra after 5 months demon-
strate some features of δ-CsPbI3, however the stability is appar-
ent through the persistent dominance of the n = 2 peak; this 
stability is still observed after 8 months. In contrast, we exposed 
films immediately to elevated RH, and subsequently observed 
decomposition to n = 1 and δ-CsPbI3 within ~6 hours. These 
results imply that enhanced stability can be obtained by expo-
sure to controlled humidity level for LHPs, and this stability 
could be further improved through optimization of the pro-
cessing conditions. 
Encouraged by the long-term stability of ntarget = 2 thin films 
prepared by THTO-method, we focused on further improving  
 
 
Figure 3: Absorbance spectra of THTO-method film exposed to 
various RH level over time. All spectra are normalized to excitonic 
feature at 511 nm corresponding to n = 1. Absorbance spectra are 
calculated based on transmittance spectra. 
the monodispersity in these samples. We hypothesized that 
gradually increasing the annealing temperature would further 
slow down the decomposition of the intermediate phase, 
thereby further improving the monodispersity of the thin films 
(Schematic 1). We applied a temperature ramp to the films by 
placing the spin-coated substrate on a hotplate set at 40 ± 5 °C 
and raised the temperature to 100 ± 5 °C at a rate of ~1 °C/min 
(THTO-Ramp-method). We observed that by using the 
THTO-Ramp-method, the absorbance peak corresponding to n 
= 1 (511 nm) was completely suppressed, and the peak intensi-
ties for n ≥ 3 were substantially reduced (Figure 4a, and Figure 
  
 
Schematic 1: Illustration of intermediate phase decomposi-
tion by DMF-method and THTO-ramp-method 
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S5). Top view SEM images (Figure 4b) of 
THTO-Ramp-method films show a more uniform film mor-
phology compared to the films without temperature ramping. 
These films showed very good stability at a RH ~ 20-30% (Fig-
ure S6a) for 5-days, but they lost their stability upon exposure 
to RH ~ 45% (Figure S6b). Although, top view SEM image in-
dicates compact film morphology, cross sectional SEM image 
(Figure S6c) indicates layered structure with non-uniform film 
thickness. As mentioned earlier, poor surface morphology 
could result in the instability of the films. We believe that fur-
ther investigation would be useful to understand the effect of 
surface morphology on the stability of LHP thin films. We per-
formed similar preliminary studies for ntarget = 3, and 4. How-
ever, the thin films still were polydisperse with low stability 
(Figure S7). 
 
 
Figure 4: a) Absorbance spectra of ntarget = 2 thin film prepared by 
THTO-Ramp-method and THTO-method, and b) SEM image of 
ntarget = 2 film by THTO-Ramp-method. Absorbance spectra are 
calculated based on transmittance spectra. 
To better understand the effects of adding highly complexing 
solvents on the structure of these thin films, we acquired X-ray 
diffraction (XRD) patterns of ntarget = 1 and 2 thin films. For the 
ntarget = 1 film, reflections were observed at 2θ = 6.46, 12.86, 
19.31, 25.82, and 32.42 °, corresponding to the (002), (004), 
(006), (008), and (0010) planes, respectively (Figure S8). The 
prominence of these diffraction peaks indicate that the sheets 
are oriented parallel to the substrate which is common for many 
2D materials.67 For the ntarget = 2, we noted that the thin film 
prepared by DMF-method (Figure 5) had very weak diffraction, 
and broad features that imply a lack of crystallinity. In contrast, 
films deposited by NMP- and THTO-methods had much 
stronger diffractions, indicating that these films had a greater 
degree of long-range order. In the case of NMP-method, a low-
intensity reflection was observed at 4.5 ° which corresponds to 
the (002) plane of n = 2 phase. Additional peaks observed at 
14.41 and  28.70° correspond to (100), and (200) reflections in 
the n = 2 phase.42, 68 The lack of additional peaks imply that the 
structure of the sheets do not feature octahedral tilting similar 
to the β-CsPbI3 structure, but rather the cubic symmetry of the 
α-CsPbI334 structure. In the case of THTO-method, we observed 
the pattern is comprised of a combination of n = 1, n = 2, and α-
CsPbI3, agreeing well with the absorbance results, indicating 
that this sample is polydisperse. Thin films prepared by 
THTO-Ramp-method had a markedly different diffraction pat-
tern compared to films prepared by THTO-method. The pres-
ence of high order {001} diffraction peaks for ntarget = 2 thin film 
with THTO-Ramp-method indicates that these well-crystallized 
perovskite sheets are oriented parallel to the substrate (Figure 5  
 
Figure 5: Thin film XRD pattern of simulated α-CsPbI3 (black)68, 
ntarget = 2 by DMF-method (blue), NMP-method (light blue), 
THTO-method (purple), THTO-Ramp-method (red), and GIXRD 
of THTO-Ramp-method (pink). Inset schematic illustrates the 
LHPs orientation. Dashed line is used to guide the eye. * indicates 
diffraction peak from substrate holder. 
inset).67 In addition, the absence of diffraction pattern 
from{100} planes in the gonio scan and the presence of peaks-
belonging to the (100) and (200) planes in the grazing incident 
XRD (GIXRD) measurements provides additional evidence 
that the sheets are oriented parallel to the substrate. It is im-
portant to note that the [100] direction in α-CsPbI3 is equivalent 
to the [100] direction in the simulated n = 2 structure (Figure 
S8). The absence of peaks at 2θ = 6.46, 3.40 or 2.76 ° and their 
multiples (which correspond to the {001} for n = 1, 3, and 4, 
respectively) indicate that only the n = 2 phase is observed. Fur-
thermore, an elongation of the c-axis from 27.3 Å for n = 1 to 
39.6 Å for n = 2 is in good agreement with the addition of two 
α-CsPbI3 layers (~6.17 Å) per unit cell,34, 67, 69 further confirm-
ing the prevalence of n = 2 phase. We performed grazing inci-
dent wide angle x-ray scattering (GIWAXS) measurements to 
6 
 
confirm the orientation of the LHP thin films. As shown in Fig-
ure 6, the THTO-, and THTO-Ramp-methods samples are ori-
ented parallel to the substrate with the highest intensity peaks 
along Qz. The strong scattering peak observed at Qz = 0.32 Å 
corresponds to the (002) plane for n = 2 species, and it is in a 
good agreement with our 1D XRD pattern. The presence of 
higher order {00l} reflections also confirmed in our GIWAXS 
data. The THTO-method sample showed impurities from n =1 
phases which are also oriented parallel to the substrate. How-
ever, we did not observe any scattering peaks from n = 1 phases 
in the THTO-Ramp-method. Both samples had scattering peaks 
with relatively low intensity from α-CsPbI3 with (100), and 
(200) planes (See Figure S9 for full size images). 
Our efforts in reducing the polydispersity of layered perovskites 
were motivated by improving the performance of solar cells that 
use layered perovskite thin films, since polydispersity 
 
 
Figure 6: Grazing incident wide angle X-ray scattering (GIWAXS) of THTO-, and THTO-Ramp-method thin films. Indices in orange 
represent n = 1, and white represent n = 2 phases.
introduces a site-energy distribution that would be expected to 
negatively impact the performance.70, 71 The site-energy distri-
bution has previously been described using photoluminescence 
(PL).71 We obtained room temperature PL spectra of ntarget = 2 
processed by DMF-, NMP- and THTO-Ramp-methods. As 
shown in Figure 7 and Figure S10a, several excitonic features 
were observed for all samples implying the presence of differ-
ent n layer thicknesses. However, the peak observed for ntarget = 
2 in thin films prepared from neat DMF was weak and the PL 
intensity was dominated by values of n ≥ 3. This could be ex-
plained by energy transfer to lower energy states.43 For 
NMP-method the dominant peak was observed for n = 3 phase 
(Figure S10a), although, the absorbance was dominated by n = 
2 phase (Figure S10b). In the more monodisperse sample of 
THTO-Ramp-method, PL was primarily associated with the n 
= 2 species, likely because there are relatively few lower-energy 
states to which energy can transfer. Conversely, in the polydis-
perse sample there are many different energy states that are 
proximal to each other, facilitating a PL spectrum that is domi-
nated by the lowest-energy states. THTO-Ramp-method results 
show that reducing the distribution n of energetic states could 
effectively reduce the number of traps in the system, and im-
prove charge transport.   
Figure 7: Room temperature photoluminescence of ntarget = 2 thin 
films prepared from DMF-method and THTO-Ramp-method. 
CONCLUSION 
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In this work, we investigated the effect of adding complexing 
solvents to precursor solutions on the crystallization dynamics 
of layered BA2CsPb2I7 LHP thin films. The presence of additive 
solvents with strong Pb2+ complexation was found to enhance 
the monodispersity. Incorporating the additive solvents in the 
precursor solutions controlled the decomposition of intermedi-
ate phases, which is believed to affect the nucleation rate and 
subsequent crystal growth. It is shown that for BA2CsPb2I7, 
slower decomposition of the intermediate phase is achieved by 
using high complexing THTO additive solvent, followed by 
gradual increase in annealing temperature named as 
Ramp-method, and this resulted in stable, monodisperse thin 
films with compact film morphology. The films with an orien-
tation parallel to the substrate showed pha  e stability over sev-
eral months in ambient conditions. In contrast, using NMP as 
an additive in the precursor solution of BA2CsPb2I7 resulted in 
faster intermediate phase decomposition during annealing as 
represented by a quick color change, resulting in films with a 
preferential orientation correspond to α-CsPbI3. However, these 
films exhibited poor surface morphology and substantially 
lower stability when exposed to ambient conditions. The 
long-term stability of thin films prepared with THTO additives 
suggest their potential applications in electronic devices such as 
FETs where the parallel orientation to the substrate is preferred. 
MATERIALS AND METHODS 
PbI2 (TCI, 99.99%, trace metal basis), BAI (Greatcell solar), 
CsI (Sigma-Aldrich, 99.999%, trace metal basis), DMF (Sigma-
Aldrich, 99.8%, anhydrous), THTO (Sigma-Aldrich, 96%), 
NMP (Sigma-Aldrich, 99.5%, anhydrous), DMAC (Sigma-Al-
drich, 99.8%, anhydrous), and DMPU (Sigma-Aldrich, 98%) 
were all used without further purification. Indium tin oxide 
(ITO) substrates (25 mm x 25 mm) were purchased from Thin 
Film Devices. 
Substrate preparation: All substrates including bare glass and 
ITO were cleaned as follows prior to solution deposition. All 
substrates were sonicated in detergent and Millipore DI water 
bath for 10 min, rinsed with a copious amount of Millipore DI 
water and sonicated in Millipore DI water for 10 min. Substrates 
were then cleaned with sonication in acetone and isopropanol, 
each for 10 min, and dried with N2 gun flow. At the end, sub-
strates were O2 plasma cleaned (Harrick Plasma, PDC-001-HP) 
for 15 min at high and transferred to the glovebox filled with 
N2. 
Solution synthesis and thin film fabrication of layered BA2Csn-
1PbnI3n+1 perovskites: BA2Csn-1PbnI3n+1, (n = 1, 2, 3, and 4) pre-
cursor solutions were synthesized by dissolving stoichiometric 
amounts of PbI2, CsI, and BAI in DMF at room temperature to 
get the total concentration of 30 wt.% (amounts are tabulated in 
Table S1) to obtain optically clear yellow solution. In the case 
of ntarget = 2 with additive solvent, various molar ratios of addi-
tive solvents to Pb atom was used during the solution prepara-
tion to get the total concentration of 30 wt.%. It should be noted 
that the precursors were measured first, then the additive sol-
vent and consequently DMF solvent was added to the precur-
sors. The solutions then were heated at 65 °C for at least 30 
minutes, creating an optically clear yellow solution. To create 
thin films, 100 μl of warm precursor solution was dispensed us-
ing a 1000 µl pipette (Eppendorf) onto a clean 25 x 25 mm sub-
strate. These films were spin-coated at 4000 rpm for 40s, fol-
lowed by two different thermal annealing processes named as 
fast and ramp annealing. 
Fast annealing: substrates were immediately placed on an alu-
minum block on a hotplate where the actual temperature was 
100 ± 5 °C after spin-coating and annealed for ~ 10 min.  
Ramp annealing: substrates were placed on an aluminum block 
on a hotplate set at 50°C (actual temperature = 40 ± 5 °C). The 
temperature was manually increased by 10 °C/10 min to reach 
140 °C (actual temperature = 100 ± 5 °C). 
Characterization and data analysis: XRD and GIXRD patterns 
for thin films were obtained using Bruker DaVinci D8 Advance 
diffractometer equipped with a Cu Kα radiation source with 1D/ 
0D detector. GIWAXS data were obtained using Xenocs Xeuss 
2.0 SWAXS. The system is set with monochromatized X-ray 
using Mo Kα radiation of the wavelength 07107 Å. Data were 
collected by Pilatus 1M detector at the sample to detector dis-
tance of 364.397 mm calibrated by silver behenate standard. 
The acquisition was 36000 s with the incident x-ray angle of 
0.35°. Image data were processed by Foxtrot software. 
UV-Vis absorption spectra were acquired using PerkinElmer 
Lambda 750 spectrophotometer equipped with a labsphere100 
mm integrating sphere in transmittance mode. The coated sam-
ples on microscope glass slide were placed in front of the light 
source and the data were collected in the range of 400- 800 nm. 
Steady-state fluorescence spectra (PL) were obtained on a Flu-
oromax-4 spectrometer (Horiba Scientific) and corrected for 
lamp spectral intensity and detector response. A thin film of the 
sample, coated on glass, was placed inside the sample compart-
ment in a front-faced geometry with the sample side facing the 
excitation light and the detector. The band-widths for the exci-
tation and the emission were set to 10 nm. The sample was ex-
cited at 450 nm with vertically polarized light and emission was 
collected in the 500-800 nm range by setting a polarizer in the 
horizontal direction. A 490 nm long-pass filter was used to 
eliminate scattered light. Scanning electron microscopy images 
in top-view and cross sectional modes were imaged near the 
center of samples using FEI Teneo Lovac FE-SEM with an ac-
celerating voltage of 5k, and FEI Helios Nanolab Dual-Beam, 
respectively. 
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